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Abstract: 
Objective: Memory is the faculty responsible for encoding, storing and retrieving information, comprising several sub-
systems such as sensory memory (SM) and working memory (WM). Some previous studies exclusively using clinical 
population revealed associations between these two memory systems. Here we aimed at investigating the relation 
between modality-general WM performance and auditory SM formation indexed by magnetic mismatch negativity 
(MMN) responses in a healthy population of young adults. 
Methods: Using magnetoencephalography (MEG), we recorded MMN amplitudes to changes related to six acoustic 
features (pitch, timbre, location, intensity, slide, and rhythm) inserted in a 4-tone sequence in 86 adult participants who 
were watching a silent movie. After the MEG recordings, participants were administered the WM primary subtests 
(Spatial Span and Letter Number Sequencing) of Wechsler Memory Scale (WMS). 
Results: We found significant correlations between frontal MMN amplitudes to intensity and slide deviants and WM 
performance. In case of intensity, the relation was revealed in all participants, while for slide only in individuals with a 
musical background. 
Conclusions: Automatic neural responses to auditory feature changes are increased in individuals with higher visual 
WM performance. 
Significance: Conscious WM abilities might be linked to pre-attentive sensory-specific neural skills of prediction and 
short-term storage of environmental regularities. 
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1 Introduction 
 
Memory is the faculty responsible for encoding, storing and retrieving information (Förstl et al., 2006) and 
represents one of the most crucial abilities for surviving and acting within the environment (Kumar et al., 2015). It 
comprises several sub-systems, such as sensory memory (SM) and working memory (WM), that together concur in 
processing the information. SM is the memory system that allows individuals to retain traces of sensory information 
after that the original stimulus has terminated (Cowan, 2010). It is strongly involved in the processing of sensory stimuli 
and orienting within the environment, and it is active in every moment of an organism's life. Taken in by sensory 
receptors and processed by the nervous system, sensory information is stored in SM just long enough to be transferred 
to short-term memory and used in WM (Cowan, 2010; Sligte et al., 2010).  
WM is a conscious cognitive system with limited capacity and responsible for the transient holding, processing, 
and manipulation of information. It plays a fundamental role in cognitive processes, such as reasoning and decision 
making (Baddeley, 1992; Förstl et al., 2006). In the past decades, several theories have been formulated to describe and 
explain its function. One of the most important theories was conceived by Baddeley and Hitch (1974) and further 
developed by Baddeley (2000). They proposed a multi-component model of WM, comprising four constituents that 
process and integrate auditory and visual information: the central executive, the phonological loop, the visual-spatial 
sketchpad and the episodic buffer. 
Another theoretical approach was introduced by Cowan (1999) who highlighted a connection between WM and 
attention, conjointly controlled by voluntary and involuntary processes. This perspective considered WM to be 
organized into embedded levels comprising long-term memory and a subset of activated memory traces that are in the 
focus of attention and awareness (Cowan, 1999). In this framework, attention plays a fundamental role in selecting and 
retaining information for cognitive purposes. In addition, as reported by other literature, the amount of attention that 
individuals invest in WM tasks has been associated with the cognitive performance, meaning that a higher attention 
level corresponds to an improved  performance in cognitive abilities (Awh et al., 2006). This finding has been 
corroborated by a large cohort of behavioural and neuroscientific studies that described the crucial role of attention for 
WM demands, specifically in the encoding and maintenance of information (Chun, 2011; Duarte et al., 2013; Fougnie, 
2008; Oberauer & Hein, 2012). Even if it appears less clear and still debated, attention seems to be connected also to 
SM. Previous studies, for instance, reported evidence of positive correlations between attention and early 
neurophysiological responses usually associated with SM, such as P50 (Cowan, 2008; Lijffijt et al., 2009). 
A relevant contribution focusing on the relationship between WM and SM has been offered by Pasternak and 
Greenlee (2005). In their review, the authors defined the sensory WM as a short-term storage of sensory stimuli adapted 
to guide behaviour, asserting the importance of this system for a precise sensory encoding and for the formation of a 
short-term information storage. Specifically, they stated that elemental sensory objects, such as basic visual or auditory 
stimuli, are stored by segregated feature-selective systems. Those systems do not comprise only the prefrontal and 
parietal cortex but also regions of sensory cortex that are involved in early stages of brain processing of stimuli, thus 
supporting two functions: precise sensory encoding and short-term storage of the information. Therefore, in their work, 
Pasternak and Greenlee (2005) suggest the existence of common functional neural basis for WM and SM. 
 Other studies proposed not only WM, but also general intelligence as able to optimize and influence the detection 
of sensorial stimuli. Deary et al. (2004) showed a connection between the level of intelligence and the accuracy of 
sensory discrimination, while Acton and Schroeder (2001) reported a weak but significant connection between general 
intelligence and sensory discrimination of pitch and colour. 
In our study, to better explore the mechanisms underlying detection, retention and manipulation of 
information, we focused on the relationship between the neurophysiological evidence of SM formation and the 
individual WM abilities. A reliable neurophysiological index of SM formation is the event-related potential (ERP) 
component known as mismatch negativity (MMN) (Atienza et al., 2002; Cheour et al., 2000; Ruzzoli et al., 2012; Winkler 
& Czigler, 2012), which forms predictions of the incoming sounds and detects deviations from them (Näätänen et al., 
1978). The MMN is elicited by a deviant stimulus inserted in a sequence of repetitive coherent stimuli with respect to 
one or multiple sound features, such as pitch, location, rhythm, intensity, timbre, or even abstract simple auditory rules 
(Näätänen, 1992; Näätänen et al., 2011). Several studies showed a higher sensitivity to changes along different acoustic 
important dimensions indexed by MMN in individuals with superior musical skills, typically due to formal training 
(Bonetti et al., 2017; Brattico et al., 2009; Brattico et al., 2001; Garza Villarreal et al., 2011; Vuust et al., 2012; Vuust et 
al., 2016). These findings suggest that MMN provides a tool for the assessment of auditory SM formation as well as an 
index of its improvement with training or exposure to certain stimulation (Näätänen et al., 2014).  
Auditory MMN originates from generators located within the temporal and frontal cortex. Specifically, 
temporal generators have been shown to be involved in the detection of sound change, while the frontal ones have 
been associated with the involuntary switching of attention due to the sound deviation (Deouell, 2007; Rinne et al., 
2000; Tse & Penney, 2008). Other evidence suggested a relevant connection between attention and frontal MMN 
generators. Escera et al. (1998), for instance, associated frontal MMN with the automatic orienting response toward an 
acoustic change, while Opitz et al., (2002) described the frontal MMN generators as responsible for an involuntary 
amplification mechanism able to tune the auditory change detection system. In another study, Restuccia et al. (2005) 
recorded auditory MMN while participants were required to perform an attentional visual task characterized by 
different levels of attentional demand. They discovered that, while the temporal generators were not influenced by the 
visual task, the right frontal generators were active only for the high-load attentional condition of the visual task. 
Furthermore, some studies pointed out that attention differentially modulates the MMN depending on the deviating 
feature. The MMN response to intensity, for instance, decreases in the absence of attention, whereas the MMN for 
pitch and timbre are independent of attentional load, as shown by Näätänen et al., (1993) and Takegata (2005), 
respectively. 
MMN and memory systems have also been studied in cases of memory function impairments, or taking into 
account individual differences in auditory skills. Javitt et al. (1995), for instance, reported impaired MMN in patients 
with schizophrenia, while Hahn et al. (2012) Park & McTigue (1997) Potkin et al. (2009) described lower WM 
performance in schizophrenic patients compared to healthy controls. This evidence highlights the broad memory 
dysfunction in patients with schizophrenia, suggesting that the impairment of memory and executive processes in this 
disorder can be observed at both low and high levels, giving strength to the idea that memory is a continuous system 
characterized by a close interaction between its subsystems such as SM and WM. 
In another study, Ahveninen et al. (1999) reported a WM impairment in alcoholics as indexed by MMN, 
suggesting that the vulnerability to memory trace disruption by shortly following sounds (according to the backward 
masking paradigm) may be one of the factors contributing to behavioural memory dysfunction in alcoholics. Other 
studies underlined the key role of the MMN in indexing auditory SM. Recently, Näätänen et al., (2014) proposed MMN 
as a possible tool to study a large variety of disorders related to cognitive abilities involving the auditory domain, 
underlying the potential role of MMN in indexing cognitive deficits related to hearing. Several other studies showed 
that the individual behavioural auditory discrimination accuracy can be predicted by the sensitivity of the MMN 
response to small stimulus changes, both for linguistic (Cheour et al., 2002; Kraus et al., 1995; Tremblay et al., 1997; 
Winkler et al., 1999) and non-linguistic stimuli (Näätänen et al., 1993; Tervaniemi, 2001). 
Previous literature described the MMN as a reliable index for detecting SM formation, defining the differential 
roles of its frontal and temporal generators in involuntary switching of attention and change detection, respectively. 
MMN has been shown able to identify differences in the stimulus characteristics after their presentation, becoming an 
index of the automatic change detection system in the brain and working closely with the auditory sensory memory 
(ASM) (Näätänen, 1990). This evidence suggests a close relationship between SM and MMN, giving strength to the idea 
that memory is constituted by different sub-systems that cooperate together. Furthermore, previous studies described 
general associations between impaired cognitive abilities and reduced MMN responses in clinical populations. Based on 
this prior evidence, in this paper we aimed at exploring the relationship between auditory SM formation indexed by 
MMN and overall WM capacity in a healthy population. Thus, we analysed WM performance as a predictor of MMN, 
hypothesizing larger frontal MMN responses to sound deviants in participants who demonstrate better performance in 
WM tasks. We focused our analysis mainly on the frontal and temporal regions of the brain because they are strongly 
involved in the WM and attentional tasks (Courtney et al., 1998; McNab & Klingberg, 2008). Particularly, frontal MMN 
generators have previously been shown to be related to involuntary attention switch to novel, unexpected sound events 
(Deouell, 2007; Rinne et al., 2000; Tse & Penney, 2008). Therefore, in this study we aimed to suggest a relationship 
between the level of conscious cognitive capacities, such as WM, and the automatic neural discrimination of sound 
changes.  
Moreover, considering that WM is a cognitive system responsible for manipulation of information coming from 
different sensory modalities (Baddeley, 1992; Suchan et al., 2006), in our study we opted to use auditory stimuli to 
record MMN and neuropsychological tests using both visually and verbally presented items to assess conscious use of 
WM. This procedure allowed us to explore the relationship between SM and WM involved in the processing of 
information coming from different sensory modalities. Finally, we performed additional stratified analysis according to 
the musicianship of the participants. Considering that previous literature showed the relevance of musical background 
on auditory discrimination and music processing (Brattico et al., 2009; Vuust et al., 2011; Vuust et al., 2012) as well as 
higher WM performance in musicians compared to non-musicians (Hansen, Wallentin, & Vuust, 2013; Talamini, Carretti, 
& Grassi, 2016), we hypothesized to reveal stronger relationships between MMN and WM in musicians than in non-
musicians.  
 
2 Results 
2.1 MMN and standard responses 
Independent t-tests have been performed comparing the event-related fields (ERFs) in response to deviants 
with those in response to standards. Specifically, we have employed one t-test per deviant type, comparing those 
deviants with all of the standards comprised in the musical multi-feature paradigm (mumufe) (Table 1). Every t-test 
was significant. Waveform figures are depicted in Figure 1. 
 
2.2 MMN and working memory 
The multivariate test of the MANCOVA involving frontal sensors was significant for the Working Memory Index: 
F(1, 85) = 3.00, p = .01, η2p = .18, but not for the musical membership: F(1, 85) = 1.42, p = .19, η2p = .10. The effect of age 
as covariate was also significant: F(1, 85) = 4.59, p < .001, η2p = .26. The MANCOVA for the temporal ROI showed a non-
significant effect for Working Memory Index: F(1, 85) = .93, p = .48, η2p = .07 and for the musical membership: F(1, 85) = 
2.06, p = .07, η2p = .14. 
Specifically, the first MANCOVA highlighted the significant relationship between WM and MMN to two deviants, 
intensity and slide, as reported in Table 2. Waveforms and Pearson’s correlation plots for intensity and slide are depicted 
in Figure 2 and Figure 3, respectively. 
 
2.3 Intensity and slide deviants 
Regarding intensity deviant, the two regressions calculated for both musicians and non-musicians showed a similar 
effect (Table 3, Figure 4). 
For slide deviant in contrast, the regression was significant only for musicians and not for non-musicians (Table 4, 
Figure 5).  
 
2.4 Spatial Span and Letter Number Sequencing in relation to MMN 
We found a significant main effect for the Spatial Span subscale on frontal MMN amplitude (Multivariate test: 
F(1, 85) = 2.23, p < .05, η2p = .14), while the musical membership did not have a significant effect: F(1, 85) = 1.44, p = .21, 
η2p = .10. As observed for the general Working Memory Index, both intensity and slide were significant (Table 5). On 
the contrary, this analysis showed a non-significant effect for every deviant for Letter Number Sequencing (Multivariate 
test: F(1, 85) = .22, p = .97, η2p = .02). The effect of age as covariate was also significant: F(1, 85) = 4.51, p = .001, η2p = 
.26. 
 
 
3 Discussion 
 This study reports enhanced MMN responses to auditory feature deviants in individuals with higher performance 
in WM, suggesting a link between the accuracy of auditory SM trace formation and overall WM capacity. We found 
higher amplitude of the frontally located MMN to intensity and slide deviants in participants with higher WM abilities. 
Furthermore, the same analysis performed on the MEG sensors located above temporal brain sites did not yield any 
significant relationship with the overall WM scores. Considering each WM subscale score separately, we found a 
significant correlation with MMN for Spatial Span but not for Letter Number Sequencing. Furthermore, separate 
analyses looking at musical expertise of the participants showed different results for the slide deviant, but not for the 
intensity one. Specifically, the relationship between MMN amplitudes to slide and Working Memory Index emerged 
only in the sample of musicians, indicating that musicians who scored better in WM tasks exhibited higher MMN to 
slide. 
The principal aim of our study was to understand the relationship between the formation of auditory SM traces 
and WM abilities, hypothesizing a link between the automatic, pre-attentive adaptation of the auditory cortex and the 
conscious WM performance. As a development of the previous theories (see Baddeley, 1992; Cowan, 1999), Pasternak 
and Greenlee (2005) extended the nature of WM to the sensory domain, asserting its importance for a precise sensory 
encoding and for the formation of a short-term information storage, suggesting the existence of common functional 
neural basis for WM and SM. In accord with their proposal, other studies provided evidence that suggested a link 
between sensory and working memory in showing impaired auditory MMN in clinical populations who reported also 
WM deficits (Ahveninen et al., 1999; Javitt et al., 1995). In a review, Näätänen et al. (2010) proposed that automatic 
sensory-cognitive processes might represent a basis for higher-order cognitive processes, suggesting MMN as a neural 
index of automatic sensory predictions in the short-term span. They reported that, surprisingly, complex processes in 
the auditory domain, such as stimulus anticipation and extrapolation, sequential stimulus-rule extraction, pattern and 
pitch-interval encoding, happen automatically and mainly in the sensory-specific cortical regions. In a recent MEG study, 
Cashdollar et al. (2016) demonstrated that when visual stimuli occurred in a regular time series, individuals who 
performed better in WM tasks displayed enhanced slow-wave neural oscillations in the theta band prior to the stimulus 
onset, influencing the sensory processing of the following visual information. Even if this research targeted aims that 
differed from ours, both Cashdollar et al. (2016) and our study described a link between WM performance and both 
pre-attentive sensory processing and change detection system. Moreover, consistently with our findings, other MMN 
studies showed relationships between memory, attention and MMN responses to sound and visual deviants, proposing 
MMN as an ERP component that indexes the rapid and stimulus-specific adaptation that underlies SM formation in the 
auditory cortex (Winkler & Czigler, 2012, Haenschel et al., 2005). 
As a priori hypothesized, in this study we revealed a significant relationship between MMN amplitude and WM 
performance exclusively for the frontal areas of the brain, reporting higher brain responses connected to the WM 
performance for intensity and slide deviants. Our hypothesis on the frontal MMN was driven by the large recruitment 
of frontal brain areas during WM tasks (Courtney, 1998; Courtney et al., 1998; McNab & Klingberg, 2008; Onton et al., 
2005) and by the role of attention that is relevant for both WM abilities and frontal MMN (Deouell, 2007; Escera et al., 
1998; Opitz et al., 2002; Rinne et al., 2000; Tse & Penney, 2008). Furthermore, the detection of the deviants in an ever-
changing auditory sequence (as the one used in the musical multi-feature paradigm) involves a discrimination of the 
physical characteristics of the sounds and a memory process for detecting the mismatch between the standard and the 
deviant stimuli. The temporal areas of the brain, especially of the right hemisphere, are mainly involved in the 
discrimination of the physical sound features (Tervaniemi, 2006) and therefore they might be not related to WM 
processes underlying digit span tasks. The frontal MMN response in contrast, which appears to be related to the 
involuntary switching of attention toward the deviant (Deouell, 2007; Rinne et al., 2000; Tse & Penney, 2008), might be 
remarkably connected to high-level memory processes, such as WM, that involve frontal regions of the brain (McNab & 
Klingberg, 2008; Onton et al., 2005). 
Interestingly, we revealed a significant relationship between WM and MMN to intensity change, a deviant that 
had previously been related to the attention paid by participants to the stimuli, which is an effect that was not found 
for the pitch deviant (Näätänen et al., 1993). The current relationship between frontal MMN and Spatial Span subscale 
score might be ascribed to the specific involvement of frontal areas of the brain during spatial WM tasks, as showed by 
Courtney et al., (1998), Curtis (2006) and Onton et al. (2005).  
Our results showed a significant relationship between MMN and the Spatial Span subscale, while the Letter 
Number Sequencing score was not related to MMN responses. This discrepancy might be ascribed to the different 
nature of the two subscales. The Letter Number Sequencing task involves a high-level cognitive manipulation of the 
information but rather low-level auditory SM processes, while the Spatial Span subscale measures the individual’s ability 
to hold a visual-spatial sequence of information, a task that is more related to the visual SM (Wechsler, 1997). This 
observation might explain the connection between the MMN responses to unexpected sensory changes in auditory 
stimulation and the visual Spatial Span subscale. 
The Working Memory Index assessed in this study has been obtained by administering not only an auditory 
task but also a visual one, while the deviant stimuli eliciting the MMN responses were auditory. The choice of utilizing 
tasks involving two different sensory modalities was motivated by the hypothesized possible sensory-general nature of 
the WM. Previous literature showed that WM is designated to process and manipulate information deriving from 
different sensory modalities (Baddeley, 1992; Baddeley, 2012; Suchan et al., 2006) and that auditory perception and 
memory are connected to other sensory domains (Arnell, 2006; Bonetti & Costa, 2017b; McKone & Dennis, 2000). 
Furthermore, Allen et al. (2009), studying WM and attention during cross-modal tasks, found no impairment in the case 
of information coming from different sensory modalities. Those results suggested that WM might be a system which is 
able to integrate cross-modal information without necessarily causing a decrement of the performance. In a recent 
study, Constantinidis (2016) reported that neurons in the pre-supplementary motor area encoded both tactile and 
auditory information involved in WM tasks, using a shared representation for both sensory modalities. This piece of 
evidence adds a further contribution to support the hypothesis that neural substrates of WM might have a sensory-
general nature and integrate information coming from different sensory modalities. 
Another relevant finding here lies in the mediation of the MMN and WM relationship operated by musical 
expertise. Performing separate analyses for musicians and non-musicians, we noticed that the relationship between 
MMN to slide and WM was significant only for musicians, while we reported no differences according to the musical 
expertise in the case of intensity deviant. This finding is consistent with a number of previous studies describing 
differences in auditory MMN responses between musicians and non-musicians (Brattico et al., 2009, 2001; Brattico et 
al., , 2006; Garza Villarreal et al., 2011). The revealed difference found for slide but not for intensity might be ascribed 
to the nature of the two deviants. Intensity is a sound feature related not only to music but present in all sounds and 
noises occurring in everyday life (Fahy, 1997; Gifford et al., 2011). Furthermore, Western musical training does not focus 
on intensity as strongly as on pitch, intonation and slide from one note to another. Particularly, slide introduces notes 
that are not in tune with the well-tempered scale. For this reason, musicians, who often spend time learning how to be 
perfectly in tune, might be more sensitive to this kind of deviation, which is, in contrast, not salient in language. This 
notion is consistent with Koelsch et al., (1999) and Tervaniemi et al., (2005) who found that musicians, violinists in 
particular, exhibited higher MMN to deviants related to slide and intonation. In another study, Moreno et al. (2009) 
showed the beneficial effect of musical training on the discrimination of pitch in both music and speech prosody in 8-
year-old children. This consideration might explain why in the present study, the relationship between MMN and WM 
performance was significant only for musicians in case of slide, while no differences due to musicianship emerged for 
the intensity deviant. In consideration of this dissociation and noticing relevant connections between cognitive abilities 
and music perception (Bonetti & Costa, 2016, 2017a), future studies could explore possible links between music 
perception and WM performance, also taking into account the musicianship of the participants. 
Our study highlighted a connection between auditory sensory memory traces indexed by MMN to auditory 
feature changes and WM abilities, implying a number of future perspectives. For instance, on the basis of these results 
it could be argued that a first evidence of intelligence and conscious cognitive abilities might come even from a pre-
attentive sensorial level. This hypothesis would be consistent with Deary et al. (2004) who showed a connection 
between the level of intelligence and the accuracy of sensory discrimination and with Lindenberger and Baltes (1994) 
who reported the same relationship, found in a particular sample composed by people older than 80. The higher 
sensitivity of the brain to fast sound-related changes could be seen as a primary skill that enables humans to predict 
future events and detect errors, abilities clearly connected to high-order cognitive abilities (Deary, 2012). Furthermore, 
the adaptive formation of SM traces for repetitive aspects of the auditory environment, in this study indexed by MMN, 
might enable us to keep information in a short-term storage, allowing a successive further elaboration of the WM. 
Moreover, to deeply explore the nature of WM in terms of contribution from different sensory modalities on the overall 
WM capacity, follow-up research based on our study might assess the relationship between WM and MMN responses 
to other modality deviants, such as visual or tactile. 
 
4 Methods and materials 
4.1 Participants and Working Memory assessment 
We recruited 86 adult well-educated Finnish participants, 36 males (41.9%) and 50 females (58.1%). Their mean 
age was 28.4 ± 8.6, and they were 79 right-handed and 7 left-handed. Furthermore, the sample was composed of 44 
musicians and 42 non-musicians. Musicians had several years of professional and amateur musical training in addition 
to the general musical education received at school (9.2 ± 8.1), while non-musicians had not received more than 3 years 
of musical training outside the school curriculum (Table 6). The participants were compensated with vouchers for 
cultural and sport purposes (e.g. concerts, museums or swimming pools). All participants were healthy and not under 
medication. They declared to have normal hearing and did not report any neurological or psychiatric problems occurred 
in their past. All participants signed an informed consent upon arrival to the laboratory, and a researcher was present 
and available for assistance. All experimental procedures for this study, included in the larger research protocol called 
“Tunteet”, were approved by the Coordinating Ethics Committee of the Hospital District of Helsinki and Uusimaa 
(approval number: 315/13/03/00/11, obtained on March the 11th, 2012). Furthermore, all procedures were conducted 
in agreement with the ethical principles of the Declaration of Helsinki. Part of the dataset was analysed (using different 
analysis software, BESA and FieldTrip, and therefore following slightly different pipelines) for studying individual 
differences in noise sensitivity and in depression trait and reported in two previous papers (Kliuchko et al., 2016; Bonetti 
et al., 2017). The datasets are not fully overlapping since not all participants could take part in the different experimental 
sessions. A third paper on a small part of this dataset (Haumann et al., 2016) reported methodological improvements 
in the analysis pipeline that led up to the renewed version adopted by Bonetti et al., 2017 and employed in this current 
paper. 
The Wechsler Memory Scale-III (WMS-III) is one of the most used scales for evaluating memory (Hoelzle et al., 
2011) and comprises three primary indexes, known as Immediate Memory, General Memory, and Working Memory 
(Wechsler, 1997). In this study, to assess the working memory (WM) level of each participant, we administered the two 
primary subtests of Working Memory Index, namely Spatial Span and Letter Number Sequencing. These WM tasks 
involve concentration, attention, sequential processing, mental manipulation, memory span, and short-term memory. 
Furthermore, it has been shown that attention is a strong predictor of WM performance and high-level cognition, and 
that the resolution of WM tasks implies a sustained use of executive attention (Engle, 2002; Engle & Kane, 2004; Mccabe 
et al., 2010). WM tasks are also related to cognitive flexibility, information processing, and fluid intelligence (Crowe, 
2000; Kaufman & Lichtenberger, 2006; Kaufman et al., 2008). According to Wechsler (1997), the Spatial Span loads on 
the Working Memory Index as well as the Letter Number Sequencing subscale, even if they are not related to each other 
(Wilde & Strauss, 2002).  
The Spatial Span subtest is a visual task composed by two parts: Spatial Span Forward and Spatial Span 
Backward. For each task, the examiner taps a series of cubes, touching approximately one cube per second. After the 
presentation, the examinee is requested to tap the cubes in the same order observed by the examiner for the Spatial 
Span Forward task, while in the reverse order in the Spatial Span Backward. For both tasks, the test begins with a series 
of two cubes and proceeds to a maximum of eight cubes. The participant is given two trials at each series length, and 
the test continues until both trials are failed. Otherwise, in case of at least one correct response per series the test 
proceeds. The participant is awarded one point for each correct trial. The maximum possible score for the Spatial Span 
subtest is 32 (16 points each for Spatial Span Forward and Backward). 
In the Letter Number Sequencing subscale, the experimenter says a list of alternating numbers and letters at 
the rate of about one per second (e.g., L, 7, 3, A). After the presentation, the participant is requested to report first the 
numbers in ascending numerical order, and then to enunciate the letters in alphabetical order (e. g., 3, 7, A, L). 
Therefore, the task involves auditory information that participants are requested to memorize. The test begins with 
series of two items (one number and one letter) and continues progressively increasing the number of items, up to a 
maximum of eight items (four numbers and four letters). The participant is given three trials for each series length, and 
the examination proceeds until all three trials of a given length are failed. The maximum possible score is 21. Finally, 
the global Working Memory Index is calculated combining the two subscales scores. The raw scores are then converted 
into age-adjusted standard scores following the tables of conversion reported in the manual (Wechsler, 1997). Values 
obtained from the Working Memory Index, and for the other WMS-III primary indexes, are standard scores with mean 
= 100 and SD = 15 (while subscales yield scaled scores with mean = 10 and SD = 3) (Lichtenberger & Smith, 2005). 
Standardized scores for Spatial Span, Letter Number Sequencing, and Working Memory Index are reported in Table 7. 
A univariate ANOVA showed no significant difference between the scores reported by musicians and non-musicians 
(Spatial Span: p = .14; Letter Number Sequencing: p = .50; Working Memory Index: p = .16). 
 
4.2 Procedure and stimuli 
The subjects’ background questionnaires were administrated before the preparation for the MEG/EEG 
recordings, while the WM subscales of WMS-III were performed on a separate day before or after the MEG/EEG 
measurement. In the MEG/EEG recordings, the participants were instructed to passively listen to auditory sequences 
through headphones (Sennheiser HD 210; Sennheiser electronic GmbH & Co. KG, Wedemark-Wennebostel, Germany). 
The sound volume was adjusted prior to the recording to a level that was comfortable for the participant. We requested 
the participants to concentrate on a silent movie while sitting comfortably in a shielded chamber. Head position 
indicator coils (HPI) were used, measuring the head position of the participant before each recording. 
We used the musical multi-feature MMN paradigm (Vuust et al., 2011) as stimuli (Figure 6). This paradigm 
provides the listener with different sound-feature changes embedded in a musical sounding context and is known to 
elicit reliable MMN (Vuust et al., 2011; 2012; 2016). The paradigm is created by inserting different feature changes in a 
four-tone pattern called the Alberti Bass: an accompaniment commonly used in the Western music. In this study, we 
used a modified version of the musical multi-feature MMN paradigm with six types of deviations, one presented in every 
pattern, as opposed to a presentation of one in every second pattern in the original version, reducing the duration of 
the experiment to only 12 minutes. Stimuli were piano tones from the Wizoo Acoustic Piano sample sounds from the 
software sampler Halion in Cubase (Steinberg Media Technologies GmbH, Hamburg, Germany) and peak amplitude was 
normalized using Audition, Adobe Systems Incorporated©. We used peak amplitude normalization, as it allows for 
balancing sounds based on their most salient portion, namely the sharp attack. Each piano tone was 200 ms in duration 
with 5 ms of raise and fall time with an interval of 5 ms between the stimuli. The musical key of the presentation changed 
after every six patterns in pseudorandom order. The keys were kept in the middle register. 24 keys were used and varied 
according to musical mode (12 major and 12 minor). In each pattern, the third tone was replaced with one of the six 
deviants: pitch, timbre, location, intensity, slide and rhythm. The deviant sounds were created by modifying one sound 
feature in Adobe Audition. The pitch deviant was obtained mistuning the third tone by 24 cents, tuned downwards in 
the major mode, and upwards in the minor mode. We used the “old-time radio” effect in Adobe Audition to create 
timbre deviant. The location deviant was created by decreasing the intensity in one of the audio channels that resulted 
in perceptual shift of the sound source location from the center to a side. The intensity deviant was a reduction of a 
sound intensity by 6 dB. The slide deviant was obtained by a gradual change of pitch from one note below up to the 
standard tone over the duration of the sound. The rhythm deviant was made by shortening a tone by 60 ms but keeping 
the ISI of 5ms, resulting in the consequent tone arriving earlier than expected. Each deviant was presented 144 times, 
half of which (72) played in a major mode and the other half in a minor mode. Randomization was performed in Matlab 
(MathWorks, Natick, Massachusetts, United States of America), and the stimuli were presented using Presentation 
software (Neurobehavioural Systems, Berkeley, CA). Data acquisition 
Simultaneous MEG and EEG data were collected at the Biomag Laboratory of the Helsinki University Central 
Hospital. The measurements were performed in an electrically and magnetically shielded room (ETS-Lindgren 
Euroshield, Eura, Finland) with VectorviewTM 306-channel MEG scanner (Elekta Neuromag®, Elekta Oy, Helsinki, Finland) 
equipped with a compatible EEG system (EASYCAP GmbH, Herrsching, Germany). The MEG scanner had 102 sensor 
elements comprised of 102 orthogonal pairs of two planar gradiometer SQUID sensors and 102 axial magnetometer 
SQUID sensors. The EEG cap comprised 64 cap-mounted electrodes arranged according to the international 10-20 
system. The reference electrode was placed on the nose tip and the ground electrode positioned on the right cheek. 
Blinks and vertical and horizontal eye movements were recorded with four electrodes attached above and below the 
left eye and close to both sides of the external eye corners. Four head position indicator coils were placed on top of the 
EEG cap. Their positions were located respectively to the nasion and the prearicular anatomical landmarks by Isotrack 
3D digitizer (Polhemus, Colchester, VT, USA). MEG and EEG data were recorded with a sample rate of 600 Hz. During 
the measurements, subjects watched a silent movie with subtitles. The stimuli were presented with Presentation 
software (Neurobehavioral Systems, Ltd.). Stimuli were delivered through a pair of pneumatic headphones.  
 
4.3 Data analysis 
4.3.1 Data pre-processing 
We applied Elekta NeuromagTM MaxFilter 2.2 (Elexta Oy, Helsinki, Finland) Temporal Signal Space Separation 
(tSSS) (Taulu & Hari, 2009) with the default settings of inside expansion order of 8, outside expansion order of 3, 
automatic optimization of both inside and outside bases, subspace correlation limit of 0.980, and raw data buffer length 
of 10 seconds, in order to minimize the influence of external and nearby noise sources and automatically detect and 
correct bad MEG channels. The subsequent data processing was performed with the open source toolbox for Matlab 
(Donders Institute for Brain, Cognition and Behaviour/Max Planck Institute, Nijmegen, the Netherlands) (Oostenveld et 
al.,  2011) known as FieldTrip, version r9093, and Matlab R2013b (MathWorks, Natick, Massachusetts). On average one 
channel (range 0 to 10 channels) per subject was observed as bad and replaced by interpolations of the waveforms 
measured in the neighboring channels. The sampling rate was reduced from 600 to 300 Hz, and high- and low-pass 
filters were applied with half cut-off frequencies at 1 and 25 Hz, respectively, to analyze the MMN component of 
interest. The influence of artifacts, such as eye movements and cardiac activity, was reduced by applying Independent 
Component Analysis (ICA) with the logistic infomax algorithm implemented in the runica function for Matlab (Haumann 
et al.,, 2016; Makeig et al., 1996). The total number of removed artifactual ICA components per subject was on average 
1.9 (range 0 to 3 components for the EEG, 2.6 (range 1 to 3 components) for the MEG magnetometers, and 2.6 (range 
1 to 3 components) for the MEG gradiometers. Then, the two sensors within each couple of the MEG gradiometers were 
combined together using the Root-Mean-Square (RMS) algorithm. Successively, the data were epoched into responses 
to the six deviant types and standard trials, and a baseline from -100 to 0 ms pre-stimulus baseline was applied. 
According to the procedure followed in previous studies (Bonetti et al., 2017; Peltola et al., 2003) trials with artifacts 
with amplitudes exceeding 100μV, 2000fT, or 400fT/cm were rejected. Rejected trials were on average 3% from the EEG 
data, 0% from the MEG magnetometer data, and 2% from the MEG gradiometer data, evenly distributed across deviant 
types and standard trials. The average standard response was then subtracted from the average deviant responses to 
isolate the MMN waveforms. The MMN peak latencies for each feature were estimated from the grand average of 
event-related field waveforms across all participants. The latencies corresponding to the peak MMN after the grand 
average across all participants were: 170 ms (intensity), 113 ms (location), 203 ms (pitch), 73 ms (rhythm), 180 ms (slide), 
127 ms (timbre). The mean MMN amplitudes for each participant and channel were calculated by applying time 
windows of ±15 ms around the peak latencies for each feature. 
 
4.3.2 Statistical analysis 
We conducted statistical analyses exclusively for the MEG gradiometers because they have lower noise level 
than magnetometers, as documented by quantitative measures of signal-to-noise ratio for this dataset reported in 
Haumann et al. (2016). 
In order to improve the reliability of our analysis, and following the guidelines provided by Gross et al. (2013), we 
decided to take into account an extensive number of frontal and temporal sensors, averaging the amplitudes that we 
recorded into two large regions of interest (ROIs) chosen around the peak amplitude channels (one frontal and one 
temporal, see Figure 7). 
Firstly, to test the reliability of the musical multi-feature paradigm independent t-tests were performed comparing the 
event-related fields (ERFs) in response to deviants to those in response to standards. Specifically, we have employed 
one t-test per deviant type, comparing those deviants with all of the standards comprised in the paradigm. The analysis 
was performed for both frontal and temporal channels. After testing the reliability of the paradigm and MMN, in the 
following analysis we employed the amplitude of the MMN responses after subtracting the evoked response to the 
standards. Therefore, we performed two MANCOVAs, one for the temporal ROI and the other one for the frontal ROI. 
We inserted the Working Memory Index of the WMS-III as independent variable, the musicianship as grouping factor 
and the MMN amplitudes to each deviant as dependent variables. Moreover, we controlled for age, inserting it as 
covariate. Then we further explored the observed relationship by computing regressions involving only the 
significant deviants from the previous MANCOVAs. Since musicianship has been shown able to affect brain 
responses to auditory stimuli (Brattico et al., 2009; Vuust et al., 2011; Vuust et al., 2012), we performed separate 
regressions for the two musically training groups involved in this study, in order to evaluate whether musical expertise 
would affect the relationship between MMN and WM. Therefore, we inserted the Working Memory Index of WMS-III 
as independent variable and the MMN to the deviants that were statistically significant from the previous analysis as 
dependent variables. 
In order to explore the different contributions of the two principal subtests of WMS-III on the observed relationship, we 
performed a further MANCOVA, inserting musical training group as independent grouping variable, the two principal 
subtests of the WMS-III (Spatial Span and Letter Number Sequencing) as independent continuous variables and the 
MMN amplitudes to each deviant as dependent variables. Again, we controlled for age by entering it into the model as 
covariate. 
Results are reported with Greenhouse–Geisser corrected test values. Bonferroni adjustment was used for post-hoc 
tests. For all the signiﬁcant ﬁndings, we reported effect sizes as indexed by partial eta-squared (η2p). 
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Figure legends 
 
Figure 1 Grand averaged MMN recorded at the frontal ROI sensors for each participant and for each deviant type 
represented in the musical multi-feature paradigm. The waveforms have been obtained subtracting the evoked 
responses to the standard stimuli to the evoked responses to the deviant stimuli. 
Figure 2 MMN to intensity and working memory: waveforms figure and Pearson’s correlations between MMN and 
WM showed along all the MEG sensors. 
 
Figure 3 MMN to slide and working memory: waveforms figure and Pearson’s correlations between MMN and 
WM showed along all the MEG sensors. 
Figure 4 Regressions for musicians and non-musicians between the independent variable Working Memory Index 
and the dependent variable frontal MMN to intensity deviant. 
Figure 5 Regressions for musicians and non-musicians between the independent variable Working Memory Index 
and the dependent variable frontal MMN to slide deviant. 
Figure 6 Alberti bass stimulus used in the musical multi-feature paradigm. Each tone (except for the rhythm 
deviant) had a duration of 200 ms. The tones were presented with an inter-stimulus interval (ISI) of 5 ms. 
Figure 7 Clusters of sensors used in the analyses. 
Figures 
 
Figure 1 Grand averaged MMN recorded at the frontal ROI sensors for each participant and for each deviant type 
represented in the musical multi-feature paradigm. The waveforms have been obtained subtracting the evoked 
responses to the standard stimuli to the evoked responses to the deviant stimuli. 
 
 
 a) Frontal ROI grand average MMN to the intensity deviant for all participants, showed in relation to two 
different Working Memory Index score groups. One-hundred and five was the 50th percentile of the scores 
reported by the participants in our study (the dichotomy resulting into these two waves has been used for 
illustration purposes and have not been employed in the statistical analysis).   
 
b) Pearson’s correlation maps between MMN responses to intensity deviant averaged in an interval of ± 15 
ms around the maximal peak amplitudes and Working Memory Index scores along all MEG sensors. 
Figure 2 MMN to intensity and working memory: waveforms figure and Pearson’s correlations between MMN and 
WM showed along the all MEG sensors. 
 
 
 
a) Frontal ROI grand average MMN to the slide deviant for all participants, showed in relation to two different 
Working Memory Index score groups. One-hundred and five was the 50th percentile of the scores reported 
by the participants in our study (the dichotomy resulting into these two waves has been used for illustration 
purposes and have not been employed in the statistical analysis).   
 b) Pearson’s correlation maps between MMN responses to slide deviant averaged in an interval of ± 15 ms 
around the maximal peak amplitudes and Working Memory Index scores along all MEG sensors, considering 
musician sample only. 
Figure 3 MMN to slide and working memory: waveforms figure and Pearson’s correlations between MMN and 
WM showed along the all MEG sensors. 
 
 
 
  
Figure 4 Regressions for musicians and non-musicians between the independent variable Working Memory Index 
and the dependent variable frontal MMN to intensity deviant. 
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Figure 5 Regressions for musicians and non-musicians between the independent variable Working Memory Index 
and the dependent variable frontal MMN to slide deviant. 
 
 
Figure 6 Alberti bass stimulus used in the musical multi-feature paradigm. Each tone (except for the rhythm 
deviant) had a duration of 200 ms. The tones were presented with an inter-stimulus interval (ISI) of 5 ms. 
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7a) Sensors selected outlining one frontal ROI. 
7b) Sensors selected outlining a temporal ROI involving 
sensors within both left and right hemispheres. 
Figure 7 Clusters of sensors used in the analyses. 
 
 
 
Tables 
 
 
T-tests comparing evoked responses to standards and deviants 
Deviant types ROI 
Mean paired 
differences (fT/cm) 
t(85) p 
Intensity Frontal 2.37 20.63 < .001 
Localization Frontal 5.52 14.39 < .001 
Pitch Frontal 3.30 14.33 < .001 
Rhythm Frontal 4.51 22.17 < .001 
Slide Frontal 4.71 17.75 < .001 
Timbre Frontal 2.85 14.92 < .001 
Intensity Temporal 5.94 12.20 < .001 
Localization Temporal 20.67 11.05 < .001 
Pitch Temporal 11.33 10.33 < .001 
Rhythm Temporal 19.51 19.33 < .001 
Slide Temporal 17.52 17.11 < .001 
Timbre Temporal 9.78 10.98 < .001 
Table 1 Independent t-tests comparing grand average MMN and standard responses for each participant and each 
deviant type at both frontal and temporal ROIs. 
 
 
 
MANCOVA between-subject effects of WM on MMN to the 6 type deviants of mumufe paradigm 
Deviant F(1,85)  p η2p 
Intensity 7.95 .006 .09 
Localization .69 .41 .008 
Pitch .14 .71 .002 
Rhythm .64 .43 .008 
Slide 4.93 .02 .06 
Timbre .25 .62 .003 
Table 2 Tests of between-subject effects obtained from the MANCOVA involving the frontal ROI averaged MMN to 
each deviant as dependent variables and the WM score as independent variable. In bold the significant features. 
 
 
Regressions showing the effect of the WM on the MMN to intensity deviant 
Musical training group F p ß 
Musicians F(1,43) = 4.19 .04 .31 
Non-musicians F(1,41) = 3.93 .05 .30 
Table 3 Regressions involving separately musicians and non-musicians between the independent variable Working 
Memory Index and the dependent variable MMN to intensity deviant. 
 
 
Regressions showing the effect of the WM on the MMN to slide deviant 
Musical training group F  p ß 
Musicians F(1,43) = 6.20 .01 .36 
Non-musicians F(1,41) = .28 .60 .08 
Table 4 Regressions involving separately musicians and non-musicians between the independent variable Working 
Memory Index and the dependent variable MMN to slide deviant. 
 
 
 
Spatial Span 
Deviant F(1,85) P η2p 
Intensity 5.54 .02 .06 
Localization .26 .61 .003 
Pitch .02 .90 < .001 
Rhythm .39 53 .005 
Slide 4.40 .03 .05 
Timbre .07 .80 .001 
Table 5. Tests of between-subject effects obtained from the MANCOVA performed for the averaged frontal ROI 
sensors, inserting the Spatial Span subtest as independent variable and the MMN to all deviants as dependent 
variables. 
 
 
 
Group Sex 
Number of 
participants 
Mean age of 
participants (years) 
Mean length of 
musical training 
(years) 
IQ 
Musicians 
Males 20 30.7 ± 9.8 (19-45) 10.1 ± 10.5 121.5 ± 8.6 
Females 24 26.6 ± 7.4 (20-44) 7.8 ± 6.1 117.5 ± 7.1 
Total 44 28.5 ± 8.7 (19-45) 9.2 ± 8.1 119.3 ± 8.0 
Non-
musicians 
Males 16 28.1 ± 6.7 (19-42) 2.2 ± 3.2 118.2 ± 8.0 
Females 26 28.4 ± 9.8 (20-55) 0.9 ± 1.8 116.5 ± 7.5 
Total 42 28.3 ± 8.6 (19-55) 1.4 ± 2.5 117.2 ± 7.7 
Table 6. Means of participants’ age, length of musical training and IQ according to musicianship and sex (the number 
after ‘±’ refers to standard deviations, while the numbers in parenthesis express the age range of the participants). 
 
 
 
Scales Musicians Non-musicians 
Spatial Span 11.77 ± 3.20 10.62 ± 2.94 
Letter Number Sequencing 12.05 ± 2.69 11.40 ± 2.77 
Working Memory Index 108.82 ± 12.62 104.12 ± 13.01 
Table 7 Working Memory Index and relative subscales measured through WMS-III for musicians and non-musicians. 
 
 
 
 
